Maintaining genome integrity during cell division requires regulated interactions between chromosomes and spindle microtubules. To ensure that daughter cells inherit the correct chromosomes, the sister kinetochores must attach to opposite spindle poles. Tension across the centromere stabilizes correct attachments, while phosphorylation of kinetochore substrates by the conserved Ipl1/Aurora B kinase selectively eliminates incorrect attachments. Here, we review our current understanding of how mechanical forces acting on the kinetochore are linked to biochemical changes to control chromosome segregation. We discuss models for tension sensing and regulation of kinetochore function downstream of Aurora B, and mechanisms that specify Aurora B localization to the inner centromere and determine its interactions with substrates at distinct locations.
Introduction
The accurate segregation of chromosomes during cell division is essential to maintain genomic stability. In eukaryotic cells, the microtubule-based mitotic spindle generates forces to align the sister chromatids at the metaphase plate, and then to pull the sister chromatids in opposite directions to segregate them to the two daughter cells. The kinetochore assembles at the centromere of each chromosome to mediate interactions with spindle microtubules. Kinetochores can initially bind to microtubules in any configuration, but accurate chromosome segregation requires that each pair of sister kinetochores ultimately attach to microtubules from opposite spindle poles (bi-orientation). Although there is a bias towards bi-orientation due to geometric constraints imposed by chromosome structure [1, 2] , frequent errors in kinetochore-microtubule attachments do occur [3, 4] and would lead to unequal segregation if left uncorrected. Therefore, kinetochore-microtubule attachments must be carefully regulated: incorrect attachments are destabilized, while correct attachments are stabilized. In this way, all kinetochores eventually reach the correct attachment state in a trial-and-error process, with destabilization providing a fresh opportunity to bi-orient (reviewed in [5] ). Defining the mechanism that selectively stabilizes only correct attachments is critical to understanding proper chromosome segregation. Here, we review recent work to understand the molecular mechanisms by which erroneous attachments are detected and corrected, focusing on the role of Aurora B kinase in this process. We discuss the processes that act upstream to control the activity of Aurora B and its phosphorylation of kinetochore substrates, and the downstream consequences of Aurora B phosphorylation for kinetochore activity and function.
Regulating attachments: reconciling mechanical and molecular mechanisms
Classic experiments by Bruce Nicklas using micromanipulation in insect spermatocyes provided direct experimental evidence that attachments are stabilized through tension across the centromere. In cells, this tension is established as spindle microtubules pull bi-oriented kinetochores in opposite directions. Experimentally induced tension, applied with a glass microneedle, stabilizes unipolar attachments that are otherwise unstable [6, 7] . These experiments laid the foundation for a model to explain the general principle of how biorientation can be achieved before any molecular details of this regulation had been defined.
One of the first pieces to the molecular puzzle of tension-dependent regulation was the identification of the Ipl1 kinase in budding yeast in a screen for mutants that display an increase-in-ploidy (ipl) phenotype [8] . Ipl1 was subsequently shown to be required for accurate chromosome segregation and to phosphorylate kinetochore substrates regulating microtubule binding [9] [10] [11] . Furthermore, Ipl1 promotes the turnover of attachments in the absence of tension [12] , suggesting that it might function in the pathway described by Nicklas. Parallel work in Drosophila, C. elegans, and vertebrates identified Aurora kinases, the Ipl1 homologues, as key regulators of cell division (reviewed in [13] ). The functional homolog of Ipl1 is Aurora B, which localizes to the inner centromere as the enzymatic component of the chromosome passenger complex (CPC), which also includes the inner centromere protein (INCENP), Survivin, and Borealin (also known as Dasra or CSC-1) (reviewed in [14] ). The CPC remains at the inner centromere until anaphase onset and then redistributes to the midzone of the anaphase spindle and the equatorial cell cortex. Although we will focus here on the role of Aurora B and the CPC in kinetochore function, the CPC also regulates cytokinesis. In vertebrates, Aurora B inhibition using small molecules or inhibitory antibodies leads to stabilization of incorrect attachments, for example with both sister kinetochores attached to a single spindle pole [15] [16] [17] . Activation of Aurora B by removing an inhibitor leads to correction of these attachment errors by selectively destabilizing incorrect attachments [18] . Together, these studies demonstrate that Ipl1/ Aurora B phosphorylates kinetochore substrates in the absence of tension to destabilize incorrect attachments and allow re-orientation.
Aurora B belongs to a family of serine/threonine protein kinases that includes Aurora A, but also has strong structural similarity to Protein Kinase A (PKA; cAMP-dependent protein kinase). Thus, while the cellular localizations and functions of Aurora A, Aurora B, and PKA are distinct, their substrate preference is extremely similar. The preferred phosphorylation consensus sequence for each of these kinases is [RK]× [TS] [ILV] [10, 19] . This consensus site provides a good approximation for those sequences targeted by Aurora B, although some established substrates lack the downstream hydrophobic residue. In addition, extra upstream positively charged residues appear to increase the probability of phosphorylation. Aurora B substrates often contain multiple, closely clustered phosphorylation sites. These multiple sites may allow a switch-like behavior for the regulation of a given substrate, as described for the CDK target Sic1 [20] , or may be required to generate charge effects to alter certain biochemical functions. Unlike kinases such as Polo-like kinase (Plk1), additional targeting regions in Aurora B substrates have not been defined outside of the consensus phosphorylation site. Thus, a primary determinant of whether a potential substrate will be targeted by Aurora B is its proximity to the kinase. Aurora B localizes to the inner centromere, close to the kinetochore and thus proximal to the site where regulation is required to ensure that improper attachments are destabilized.
How is tension sensed?
A key question for understanding the error correction process is how correct and incorrect attachments are distinguished. Based on the tension hypothesis established by the Nicklas micromanipulation experiments, phosphorylation of Aurora B substrates should respond to tension. A priori, there are multiple ways in which this regulation could be accomplished. Mechanical stretching can lead to various functional responses, for example by exposing binding sites or phosphorylation sites, accelerating the disassociation of non-covalent bonds, or gating ion channels through tension in the lipid bilayer [21, 22] . One model for tension sensing at centromeres is that Aurora B activity might be directly regulated by mechanically induced structural changes in a component of the CPC. INCENP is particularly important for kinase activation [23] and binds directly to microtubules in vitro [24, 25] . Furthermore, work in budding yeast demonstrated that a complex of Bir1 and Sli15 (Survivin/INCENP) can link centromeres to microtubules in vitro, which might reflect the ability to regulate Ipl1 (Aurora B) activity through a tension-dependent change in the complex [26] .
Several other mechanisms that regulate Aurora B activity have been described, such as interactions with the protein TD-60, binding of the CPC to microtubules, activation by other kinases such as Chk1, Tousled-like kinase (TLK-1), and Mps1, or inactivation by phosphatases including PP1 and PP2A (reviewed in [27] ). Mps1 is particularly intriguing because, like Aurora B, it is required for the correction of attachment errors in both budding yeast and mammalian cells [28, 29] . Mps1 phosphorylates Borealin, but the effect of this phosphorylation on Aurora B activity is controversial [29] [30] [31] [32] [33] [34] [35] . Overall, it is not clear whether Aurora B kinase activity is regulated on the short time scales associated with the error correction process. Instead, these upstream regulators appear to act primarily to generally "license" Aurora B activity during mitosis, rather than to modulate its function at a specific kinetochore. Any factor that is required for full Aurora B activity will also likely be required for proper regulation of kinetochore-microtubule attachments. Attachments can form when Aurora B activity is low, but they are unlikely to fully achieve correct biorientation.
Rather than changes in intrinsic kinase activity, recent work has suggested that the ability to sense tension depends on the localization of Aurora B relative to its substrates at the outer kinetochore. Under this hypothesis, the force exerted on bi-oriented kinetochores separates the kinase at the inner centromere from its outer kinetochore substrates, making Aurora B less able to access these substrates [12, 36, 37] . Evidence for this "spatial separation" model was provided in two ways. First, the phosphorylation level of an Aurora B substrate is strongly related to its position within the kinetochore. When positioned close to the kinase, a FRET-based biosensor that reports on phosphorylation by Aurora B is constitutively phosphorylated, independent of tension, suggesting that kinase activity itself is not forcedependent. However, if the same sensor is positioned at the outer kinetochore, more distant from the kinase, it is dephosphorylated when tension is high [38] . Moreover, placing this sensor at increasing distances from the inner centromere leads to progressively greater dephosphorylation in response to tension [39] . Importantly, endogenous outer kinetochore substrates behave similarly to this FRET-based reporter and are also dephosphorylated when centromeres bi-orient [39, 40] . Second, it is possible to manipulate this spatial tension sensing mechanism by altering the position of the kinase. If Aurora B is artificially targeted to the outer kinetochore, the outer kinetochore is constitutively phosphorylated, independent of tension, and microtubule attachments cannot be stabilized [38] . Together, these findings support the model that the tension-sensing mechanism first demonstrated by Nicklas depends on the distance of Aurora B from its substrates at the outer kinetochore ( Figure 1A -C).
The spatial separation model explains how differences in tension can be sensed to distinguish sister chromatids that are attached to opposite spindle poles (bi-oriented) from those that are attached to the same pole (syntelic attachment). This model also suggests a pathway for correction of merotelic errors, in which a single kinetochore is attached to both poles simultaneously. Such defects make a significant contribution to the total number of chromosome segregation errors [4] . Merotelic kinetochores are deformed and stretched compared to bi-oriented kinetochores [41] , which may position the incorrect attachment sites closer to the inner centromere and locally increase phosphorylation of these sites to selectively destabilize the incorrect attachment [36] . There is also an intriguing observation that the CPC is enriched at merotelic attachments [42] , which could also contribute to an error correction mechanism, but how this enrichment occurs is unclear. Consistent with the idea that Aurora B contributes to correcting merotelic errors, Aurora B inhibition leads to an increased frequency of these errors [36, 42] .
Connecting Aurora B activity to changes in kinetochore function
As described above, the position of Aurora B relative to its substrates (Table 1) is a key factor in controlling the phosphorylation of its downstream targets. As defined substrates for Aurora B have distinct localizations within the kinetochore, this position has important implications for their relative phosphorylation. Those substrates that are located proximally to Aurora B are likely to be constitutively phosphorylated at the times when Aurora B localizes to centromeres (prophase until anaphase onset). In contrast, substrates positioned at the outer kinetochore will display tension sensitive phosphorylation with higher phosphorylation on misaligned kinetochores and lower phosphorylation on aligned kinetochores. Recent work has demonstrated that there is a spectrum of behaviors even within the kinetochore, with the exact spatial position of a protein providing a critical determinant for its phosphorylation by Aurora B. For example, substrates located at the periphery of the outer kinetochore, such as Ndc80, exhibit differential phosphorylation compared to substrates that are closer to the inner kinetochore, such as the Mis12 complex subunit Dsn1 [39] .
The same principle of position-dependent phosphorylation applies to Aurora kinase substrates at other sites in the cell. Since the consensus phosphorylation site for Aurora B is identical to that of Aurora A, it is possible for a substrate to be targeted by both kinases. For example, the kinetochore motor kinesin CENP-E is phosphorylated by both Aurora A and Aurora B to regulate its affinity for microtubules [43] . In addition, the dynactin subunit p150 glued , which localizes to both the spindle and kinetochores, is regulated by Aurora A at spindle poles where this kinase is concentrated [44] .
Although not yet tested directly, it is possible that Aurora B would target and regulate p150 glued at kinetochores.
Several of the substrates listed in Table 1 have multiple phosphorylation sites targeted by Aurora B, and phosphorylation of a single site often does not have a strong effect on protein activity or behavior [10] . However, due to the presence of multiple substrates at distinct spatial positions within a kinetochore, the combined action of Aurora B on kinetochore function can act in a graded manner [39] . In addition, the consequences of Aurora B phosphorylation can vary dramatically between different substrates. A primary function for Aurora B is to destabilize improper kinetochore-microtubule interactions, so Aurora B should have a net negative effect on the microtubule binding activity of the kinetochore, particularly the key proteins that contribute to the kinetochore-microtubule interface. Indeed, phosphorylation of the kinetochore proteins Ndc80/Hec1 and KNL1 strongly reduces their microtubule binding activity, likely by introducing negative charges that prevent interactions with the negatively charged microtubule polymers [39, [45] [46] [47] [48] [49] . Phosphorylation of the Mis12 complex subunit Dsn1 also has a negative effect on the microtubule binding activity of the kinetochore [39] . However, in this case regulation appears to occur through an allosteric change in Dsn1 that modulates the conformation by which KNL1 and Ndc80 interact with microtubules, as the Mis12 complex itself does not display a direct microtubule binding activity. Phosphorylation by Aurora B also has a negative effect on the microtubule depolymerase activity of the kinesin-13 proteins MCAK and Kif2a and also regulates MCAK localization, and both effects may be important for regulating kinetochoremicrotubules [37, [50] [51] [52] [53] . Finally, Aurora B also phosphorylates the fungal Dam1 complex, an important player in generating processive interactions with microtubules. Although Ipl1/ Aurora B phosphorylation has been proposed to alter the microtubule binding activity of the Dam1 complex [54] , the tested phosphorylation site in this case does not reside within the microtubule binding domain of Dam1. Instead, phosphorylation of Dam1 appears to alter its interaction with the Ndc80 complex [55] , disrupting the connection between these two cofunctional components of the outer kinetochore [56, 57] .
In the cases described above, Aurora B phosphorylation disrupts the activity of specific kinetochore proteins by targeting critical regions of those proteins required for function. Aurora B phosphorylation therefore acts as a switch that can be reversed to restore protein function, as long as the protein itself remains at kinetochores. However, in addition to altering protein activity, Aurora B has been implicated in controlling the recruitment of proteins to kinetochores. As with the control of protein activity, this effect could either be constitutive if the protein is located close to Aurora B, or could occur in a tension-dependent manner. For constitutive control of protein localization to kinetochores, Aurora B phosphorylation may "license" the recruitment of that protein. This mechanism has been proposed for the recruitment of the KMN (KNL1-Mis12-Ndc80) network to kinetochores in Xenopus extracts [58] , although a similarly strong effect is not observed in human cells [39] . In addition, Aurora B and the CPC are required to recruit Shugoshin family proteins to centromeres [59] [60] [61] [62] [63] [64] .
In contrast, Aurora B-dependent phosphorylation of outer kinetochore substrates could act as a switch to control kinetochore composition. Perhaps the best understood example of controlled kinetochore localization downstream of Aurora B is Protein Phosphatase 1 (PP1), which localizes to kinetochores and opposes Aurora B (reviewed in [65] ). A major PP1 targeting factor at kinetochores is the outer kinetochore protein KNL1 [66] . PP1 binds to a conserved RVSF motif within KNL1, which is an example of the RVxF motifs commonly found in PP1 interacting proteins [67, 68] . Aurora B directly phosphorylates the RVSF motif of KNL1, which disrupts the interaction between KNL1 and PP1 [66] . Thus, phosphorylation of the outer kinetochore by Aurora B prevents the recruitment of PP1, the opposing phosphatase, to kinetochores. In addition to generating a switch-like behavior for PP1 recruitment to kinetochores, it also provides an elegant feedback mechanism between phosphorylation derived from the inner centromere-localized Aurora B and dephosphorylation generated by outer kinetochore PP1. A similar mechanism has been suggested for another outer kinetochore protein, CENP-E, in which phosphorylation of a conserved motif by Aurora kinases regulates PP1 binding [43] . Phosphorylation of this residue clearly regulates CENP-E function, but the significance of this binding site for PP1 recruitment to kinetochores is unclear, as CENP-E depletion or mutation of the site were not shown to affect kinetochore PP1 levels. Finally, recent work suggests that the PP1-associated protein Sds22 may also contribute to controlling the levels of Aurora B phosphorylation at kinetochores [69] .
Thus, in addition to its role in error correction, Aurora B phosphorylation can specify kinetochore composition to provide different activities for prometaphase kinetochores, which are in the process of spindle attachment and congression, and metaphase kinetochores that are bi-oriented and must be stabilized and prepared for anaphase. There are two distinct groups of proteins that participate in this switch in kinetochore composition. The first group requires high levels of Aurora B phosphorylation to bind kinetochores and thus localizes preferentially to prometaphase kinetochores, including Kif2b, the RZZ complex, Spindly, dynein (and its associated proteins), and BubR1 [17, [70] [71] [72] . The localization of the second group of proteins, which includes PP1 and the Astrin/SKAP complex [66, 73, 74] , is prevented by high levels of Aurora B phosphorylation and thus preferentially localizes to metaphase bi-oriented kinetochores. Thus a tension-dependent switch from a phosphorylated to a dephosphorylated state may serve as a general mechanism to regulate the composition of the outer kinetochore.
How does Aurora B touch its substrates?
The spatial separation model explains how chromosome bi-orientation can be sensed through changes in tension across the centromere, which is a critical component for any model of error correction. As discussed above, this model is based on the idea that local Aurora B activity at the outer kinetochore depends on the distance from the inner centromere, where the kinase is localized. As these localizations are clearly distinct from each other, possibly separated by as much as 100 nm, it is unclear how Aurora B contacts its substrates at a molecular level, even when tension is low. One proposed model is that only kinase molecules at the outer edges of the inner centromere are able to contact substrates at the outer kinetochore, while the majority of kinase molecules would have no role in phosphorylating these substrates [33, 75] . INCENP may act as a flexible extended linker, or "leash," that determines the distance that Aurora B can reach from binding sites at the inner centromere. Perturbations that affect the length of the leash should disrupt the error correction process according to this model. However, deletion of the INCENP coiled-coil region, which would reduce the "reach" of this protein, does not inhibit the error correction process [76] , arguing against this domain of INCENP acting as a leash to control kinetochore-microtubule attachments. In contrast, the coiled-coil domain is required for targeting the CPC to spindle microtubules [25, 77, 78] . To further assess the leash model, the exact positions of the CPC binding sites at the inner centromere should be determined, as how these positions change relative to the outer kinetochore in response to centromere tension is crucial. The positions of outer kinetochore components relative to each other along the kinetochore-kinetochore axis have been measured with nanometer accuracy by calculating the centroids of spots of labeled kinetochore proteins [79, 80] . Unfortunately, this method may not be applicable to the CPC if the outer edge of the distribution is important rather that the centroid. Thus, we currently do not have a high resolution picture of precisely where the CPC localizes relative to kinetochore substrates. Furthermore, the distance from Aurora B to its substrates will vary significantly even over short time scales because interkinetochore distance and intra-kinetochore stretch both change rapidly during normal chromosome oscillations [81] [82] [83] . According to the spatial separation model, the level of substrate phosphorylation may reflect a time average over these oscillations, which would depend on the rates of phosphorylation and dephosphorylation relative to the spatial changes. However, phosphorylation changes have not yet been measured on these time scales, and the significance of the oscillations remains unclear. Whether Aurora B can directly contact outer kinetochore substrates while tethered to the inner centromere is an open question.
An alternative model for how Aurora B reaches its outer kinetochore substrates is that active kinase molecules diffuse from the inner centromere. This model draws on several established aspects of Aurora B function. Although Aurora B localizes to the inner centromere, both Aurora B and INCENP turn over with a t 1/2 of ~50 sec [84, 85] . It is unknown whether the CPC turns over as a complex, or whether individual components or sub-complexes function independently. Aurora B activation depends on phosphorylation of the INCENP C-terminus, which is predicted to occur in trans [86] [87] [88] . This activation occurs by locally concentrating Aurora B and is opposed by cytoplasmic phosphatases that suppress kinase activity [89] . Based on these findings, Aurora B should be activated by its concentration at centromeres, with active Aurora B being released to diffuse away from the centromere, and subsequently inactivated by phosphatases. The combination of these factors would generate a diffusion-based gradient of kinase activity ( Figure 1D ). This diffusion model is conceptually similar to one proposed to explain a gradient of phosphorylation by Aurora B observed in anaphase [90] , in which the CPC is concentrated on the spindle midzone instead of at centromeres. Aurora B substrates on chromatin (histone H3), in the cytoplasm (Op18/Stathmin), and on spindle microtubules are phosphorylated in mitosis [78, 89, 91, 92] , suggesting that there is indeed soluble active kinase. However, phosphorylation gradients have not been observed prior to anaphase, so whether a diffusible gradient of active kinase is produced at centromeres remains an open question. A key constraint of the diffusion model is that differences in substrate positions at the kinetochore are <100 nm [39, 80] , and whether a gradient of soluble Aurora B could act on these length scales is unclear. It may be possible to fine tune the production of active Aurora B at centromeres because both the concentration of CPC components at centromeres and their rates of turnover are regulated by post-translational modifications, including phosphorylation, ubiquitination, and sumoylation [85, [93] [94] [95] [96] [97] [98] . By modulating both kinase concentration and turnover, the properties of a diffusion-based gradient of active kinase could be set to achieve a tightly spatially defined gradient. Local phosphatase activity may also contribute to defining a phosphorylation gradient, both by inactiving Aurora B and by directly dephosphorylating substrates.
An important question for any model of Aurora B function at kinetochores is how the kinase localization is specified. In a human cell line carrying a neocentromere on chromosome 4, in which the normal centromere has been silenced, Aurora B and INCENP localize to the neocentromere, which lacks repetitive α-satellite DNA, but not to the silenced centromere [99] . CPC targeting is therefore determined by an epigenetic property of the centromere rather than a specific DNA sequence. Recent findings suggest an appealing model for CPC targeting based on two distinct histone phosphorylations. The mitotic kinase Bub1 localizes to kinetochores and phosphorylates histone H2A on centromeric heterochromatin, and this phospho-mark creates a binding site for Shugoshin family proteins [100] . Shugoshin acts as a centromeric adaptor that binds to the CPC after CPC components are phosphorylated by Cdk1 [101] . In addition, the mitotic kinase Haspin phosphorylates histone H3, which creates a binding site for Survivin [102] [103] [104] . Point mutations in the phospho-H3 binding site of Survivin prevent centromere localization [103, 105] . Curiously, CENP-A is still phosphorylated when Aurora B fails to fully concentrate at centromeres in haspin-depleted cells [103] . Thus, there may be some residual kinase activity in this case, or the control of substrate phosphorylation may depend on factors in addition to the spatial proximity of the kinase. Unlike Bub1, Haspin localizes to heterochromatin, but not specifically to centromeres, in a cohesin dependent process. The combination of the Bub1-dependent H2A phosphorylation and the Haspin-dependent H3 phosphorylation specifies CPC localization to centromeres [104] . There is some additional complexity, as work in multiple organisms has shown that localization of Shugoshin also depends on the CPC [59] [60] [61] [62] [63] [64] , suggesting that a complex between Shugoshin and the CPC might contribute to the centromere targeting of both.
Concluding remarks
In conclusion, recent work has provided important insights that explain how mechanical forces at kinetochores are translated into chemical signals to ensure correct kinetochoremicrotubule attachments, as envisioned by Nicklas more than 40 years ago. This review has focused on Aurora B in the context of inter-kinetochore tension, or stretching of the centromere in response to sister kinetochore bi-orientation. However, recent evidence indicates that stretching within a single kinetochore, which increases the distance between inner and outer kinetochore components, is a crucial component of mitotic checkpoint signaling [82, 83] . Remarkably, inter-kinetochore stretch and intra-kinetochore stretch can change independently of each other. An appealing model was recently proposed in which intra-kinetochore stretch and checkpoint signaling depend on dynamic microtubule attachments at a single kinetochore, while inter-kinetochore stretching depends on biorientation of sister kinetochores [106] . The two types of deformation are likely related because inter-kinetochore tension determines local Aurora B activity, which regulates microtubule dynamics at kinetochores. In addition, intra-kinetochore stretch may affect the positions of Aurora substrates within a phosphorylation gradient [107] . The relationship between intra-and inter-kinetochore stretch, Aurora B, and the spindle checkpoint remains unresolved and will likely be an active area of future investigation. (b,c) A phosphorylation gradient is generated by concentration of Aurora B at the inner centromere. Aurora B sites within the KMN network are phosphorylated due to their position within this gradient (red) at incorrect attachments, where tension is low, which destabilizes kinetochore microtubules (b). These substrates are dephosphorylated at correct attachments, where tension is high, because they are positioned farther from the kinase (c). Recruitment of PP1 to the outer kinetochore provides a counteracting gradient of dephosphorylation (green). (d) Model for how a phosphorylation gradient might be generated. Aurora B is activated (dark red circles) at the inner centromere by autophosphorylation, both of Aurora B and INCENP, followed by release and inactivation (lighter circles) by dephosphorylation as Aurora B diffuses away from the inner centromere. Op18/Stathmin Xenopus Cytoplasm [89, 91] Trends Cell Biol. Author manuscript; available in PMC 2012 March 1.
